To non-destructively assess the behaviors of early stage concrete, seismic methods are useful tools. These methods also aid in learning about curing concrete for use in construction decisions. This paper discusses how freezing concrete causes a major change in the engineering properties. In the experimental procedure, ultrasonic tests were conducted on curing concrete subjected to different freezing process. The experimental procedures involved performing ultrasonic tests on concrete frozen in various ways. The results showed that there exists linear correlation between low strain seismic wave velocity and concrete strength under normal curing conditions. However, these relationships do not hold if the concrete is subjected to freezing process. To correct for the frozen effect, the bulk modulus needed to be adjusted. With the correction, a linear relationship with water content was found. Procedures to correct the effects of freezing are proposed, which include the use of Time Domain Reflectometry to measure the water content. Time Domain Reflectometry can be used to measure water content and help to correct the effects of freezing. This process allows an estimate for the strength of the frozen concrete. This information could be incorporated to determine the magnitude of Winter Load Increase in cold regions for government agencies.
INTRODUCTION
The newer method of nondestructive testing on concrete has gained recognition in recent years. Some examples of techniques that are currently in use include impact echo, ultrasonic test, and spectra analyses of surface wave. They are based on the information contained in the propagation of ultrasonic waves. For these ultrasonic waves, different wave modes and transceivers are tested. For example, Boutin 1 and Arnaud used the speed of longitudinal waves (L-waves or compression waves) with low frequencies to measure the time of transition between fluid and solid state of cement paste. A new device from Reinhardt 2 et al. allows monitoring of the hydration by measuring the transit time and energy of an L-wave pulse propagating through a mortar sample. The device can evaluate the hardening process and setting of mortar. Other investigators used both, longitudinal and transverse waves (T-waves or shear waves) to experiment with the hydration of any cement material. Sayers 3 and Grenfell found a linear relationship between the bulk modulus and shear modulus that was determined by pulse velocities. Meanwhile, D'Angelo 4 et al. found that T-waves were much more sensitive to the hydration process compared to that of L-waves. Boumiz 5 et al. focused on the elastic modulus, shear modulus and Poisson's ratio as functions of time and degree of hydration. The majority of current studies do not consider the effects of freezing in concrete. For cold regions, freezing can have significant effects on the technologies based on seismic waves. These effects are most serious for concrete in the early stage of curing. Ohio Department of Transportation, for example, specifies a 5-day thermal curing during winter construction to prevent any effects caused by cold the temperatures since the concrete can quickly become frozen upon removing the thermal curing. This study aims to determine a NDT test framework to quantify the effects of freezing on seismic wave propagation in curing concrete.
BACKGROUND

Ultrasonic Testing
Ultrasonic Testing uses high frequency sound wave propagation to measure the responses of different materials and the structures. Ultrasonic testing (UT) has been found uses for flaw detection, dimension measurements and characterization of materials etc.
A typical UT inspection system ( Figure 1 ) is comprised of several parts, including pulser and receiver, transducer, and display devices. A pulser and receiver produces high voltage electrical pulses. The transducer is powered by the pulser and generates high frequency ultrasonic energy. The sound energy is created by a couplant to propagate as seismic waves through a material. The location, size, orientation of structural features can be then obtained from the signal. In recent years, the technologies based on this ultrasonic wave propagation were used to assess the strength of early aged concrete. Many studies have been completed and published that relate the ability of cemented materials to transmit ultrasonic waves and their compressive strength gain. Keating 6 et al. experimented with the relationship between ultrasonic longitudinal pulse velocity and cube strength for cement slurries in the first 24 hours. When concrete was cured at room temperature, the results showed the relative change in the pulse velocity during the first few hours is higher than the observed rate of strength gain. However, a general correlation between these two parameters could be found. Another study about the relation of L-waves and compressive strength was by Pessiki 7 and Carin. They observed concrete mixtures with different water-cement ratios and aggregate contents cured at three different temperatures. The L-wave velocity was determined by using the impact-echo method in a period of up to 28 days. During the early stage, the L-wave velocity increased more rapidly when compared with the compressive strength. However, during the later ages the strength develops more rapidly than the L-wave velocity. Overall, L-wave velocity is found to be a sensitive indicator of the changes in the compressive strength up to 3 days after mixing.
The ultrasonic velocity yields two different types of moduli: longitudinal and shear modulus, which can be calculated as follows:
(2) where L is the longitudinal modulus, v L is the velocity of the longitudinal waves, G is the shear modulus and v T is the velocity of the transverse waves. The longitudinal modulus relates strain to longitudinally applied stress. The shear modulus describes the elastic behavior of a material subjected to shear strain.
Time Domain Reflectometry
Time Domain Reflectometry (TDR) is a guided radar technology. TDR makes use of the propagation of electromagnetic waves to measure the properties and structural responses of materials. The configuration of a typical TDR system is shown in Figure 2 (a). It consists of a TDR device (pulse generator and sampler), a connection cable, and a measurement probe. The measurement probe is generally made up of multiple conductors that are embedded in materials to measure different properties. Figure 2 (b) shows a schematic plot of typical TDR signal. One item that is found from the electrical properties of materials is the K a (apparent dielectric constant), which is related to the speed of electromagnetic waves in the material. Information can also be found on the EC b (electrical conductivity), which is related to the energy attenuation. A TDR signal can be used to find those two variables with ease. A brief introduction on determining these quantities are summarized below: the travel velocity, v, of an electromagnetic wave through media is calculated as follows: (3) where c is the velocity of an electromagnetic wave in free space (2.988×10 8 m/s) and K a is the dielectric constant (for TDR measurement in soils, this quantity is generally called apparent dielectric constant). The time for the electromagnetic wave traveling down and back along a metallic waveguide of length, L, is given by:
Substituting equation (4) to (3) yields (5) By defining as apparent length l a , the apparent dielectric constant can be calculated as
In the TDR signal, the apparent length is determined from analyzing the time elapsed between reflections. The determination of the apparent length l a is illustrated in Figure 2 (b). The electrical conductivity of bulk soil sample can be simultaneously obtained from the final signal level (Yu 14,15 and Drnevich 2004) .
Relationship between Dielectric Constant and Gravimetric Water Content
The dielectric constant of water (81) is much larger than that of soil solids (typically around 3-7) or that of air (around 1). It has been discovered that the TDR measured dielectric constant is related to the volumetric water content in many ways. Siddiqui and Drnevich (1995) 12 developed an equation that relates the TDR measured dielectric constant to the gravimetric water content. The equation does take into consideration both soil type and density by including two calibration constants. The equation is shown below.
(7) EXPERIMENT DESIGN
Experiments were designed to establish the effects of freezing on the strength of concrete. In order to relate to commonly used concretes in cold regions, three 
representative types of concrete used in the Ohio Department of Transportation (ODOT) projects were used in this experiment. The concrete was obtained from commercial suppliers The Collinwood-Horning Concrete Company (http://www.collinwood-horning.com). The concrete mixes are designated as ODOT Class C (Ordinary pavement concrete of 4000 psi), High Strength concrete (8000 psi) and Self-consolidating concrete (6000 psi). A list of properties for each concrete used can be seen below in Table 1 . Concrete specimens were prepared so the mechanical strength during different curing times could be determined. A sufficient amount of specimens were prepared to ensure at least three identical tests could be conducted for each test. Each sample was kept in a curing room being exposed to different freezing processes. In TDR test, seven specimens were monitored in each group of experiment; each subjected to a different curing process. Among these, there were four different freezing processes produced by placing the specimen into a freezer with a controlled temperature at 1st, 2nd, 4th and 6th day of curing. The remaining three specimens were cured under normal curing conditions but with different types of TDR probe design. The various types of TDR were a parallel strip design, a four-spike probe design and an insulated four-spike probe design. A TDR sensor monitored the electrical conductivity (EC b ) and dielectric constant (K a ) of concrete specimens. For each of these seven specimens, thermal couples were used to monitor the temperature development (Figure 3b ). The ultrasonic system includes a high power pulse generator, 1MHz ultrasonic transducers, and a PC-oscilloscope (Figure 4) . The high characteristic frequency ultrasonic transducer ensures a high resolution in determining the ultrasonic wave speed. They are coupled to the concrete specimens via water. In conjunction with ultrasonic test and TDR monitoring, the mechanical and physical properties of concrete subjected to different curing procedures were also measured. Some of the properties for concrete that were measured including the compressive strength, ultrasonic wave velocity and water content of each type of concrete (destructive oven dry method). The details of experiment plan are shown in Table 2 . The mechanical and physical properties of virgin samples were tested every day from the beginning to the 7 th day and then at 28 th day. For the specimens subjected to freezing, the strength and water content at 3 rd day, 7 th day and 28 th day are measured. The frozen specimens were first defrosted before being tested. 
EXPERIMENT DATA ANALYSIS
Ultrasonic velocity -strength relationship for concrete with normal curing procedures Figure 5 plots the strength of concrete versus ultrasonic wave velocity for concrete subjected to normal curing conditions. As seen in the figure, there were reasonably linear relationships between the concrete strength and ultrasonic velocity. This does agree with research found in existing literatures for this type of experiment. Such relationship can be used to estimate the compressive strength of concrete from ultrasonic measurements. Ultrasonic velocity (after thaw) -strength (after-thaw) relationship for concrete subjected to freezing during the curing process In this experiment, concrete specimens were placed in freezer at different curing ages (1-day, 2-day, 3-day, 4-day, 5-day etc.). At the end of the 7th day, the specimens were taken out of the freezing room so an ultrasonic and compressive test could then be conducted on each specimen either in complete frozen status or in complete thaw status. The frozen status is ensured by compressing the specimens immediately after it was taken out from the freezer; the complete thaw is ensured by subjecting the specimens to rapid thawing procedures. Figure 6 shows the plots of ultrasonic wave velocity and strength relationship for concrete specimens that are completely thaw. This figure indicates a reasonably linear relationship between ultrasonic velocity (after thaw) and strength of concrete (after thaw) subjected to freezing during the curing process. Ultrasonic velocity (before thaw) -strength (before-thaw) relationship for concrete subjected to freezing during the curing process What we observed from Fig. 6 can be clearly seen from the trend of ultrasonic velocity and strength development in frozen concrete samples (Figs. 7 and 8 ). Fig. 7 shows the comparison of before-thaw strength and after-thaw strength. Fig. 7 shows the frozen early stage concrete has higher strength than those completely thaw. A figure of the differences in the strength of concrete in the complete frozen or thaw conditions is plotted in Fig. 10 . Also plotted on Fig. 10 is the water content and strength increment development with time. The two plots share a similar trend. Fig. 11 directly plots the linear relationship between water content and the strength increment. The two quantities appear to have a clear linear relationship. The relationship between these quantities is most likely due to the fact that when the free water exists in the sample freezes, the strength of ice contributes the bulk strength of frozen concrete specimens. With the use of relationship such as shown in Fig. 11 , an estimation of the strength of frozen concrete from a seismic test can be performed in the following sequences: 1) Defreeze the concrete 2) Estimate the strength of thaw concrete from ultrasonic test (using relationship shown in Fig. 6 ) 3) Find differences in the strength of concrete between completely frozen and completely thawed with free water content. (using relationship shown in Fig. 11 ) 4) Estimate the strength of frozen concrete by adding strength from steps 2) and 3). To follow the procedure above, the estimation of the free water content from fresh concrete is needed. It can be estimated with the use of NDT technology such as Time Domain Reflectometry (TDR). Previous research by the author shows TDR can be used to reliably estimate the free water content in curing concrete 15 . A combination of both TDR testing and ultrasonic testing allows an estimation of the frozen concrete strength in the field. This information is most useful for paving roads in cold regions, where the Winter Load Increases is used to improve freight efficiency. The measured strength of frozen concrete can be incorporated to determine the magnitude of the maximum load tolerable on the pavement. 
Estimation of Frozen Concrete Strength
CONCLUSION
The relationship of seismic wave velocity and strength has many applications for NDT technology. The data collected shows there is a linear relationship between the compressive strength and the ultrasonic velocity, but this relationship does not hold when the concrete is frozen. The strength of frozen concrete does not have direct correlations with ultrasonic wave velocity. However, the strength of frozen concrete can be estimated from thaw concrete and a correction based on free water content. The combination of the ultrasonic method and a method for measuring water content (such as TDR) provides a nondestructive way to estimate the strength of curing concrete subjected to freezing procedures. This can potentially be implemented for Winter Load Increases in cold regions. More studies are needed to further validate and improve this technology.
